The streptogramin combination therapy of quinupristin-dalfopristin (Synercid) is used to treat infections caused by bacterial pathogens, such as methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecium. However, the effectiveness of this therapy is being compromised because of an increased incidence of streptogramin resistance. One of the clinically observed mechanisms of resistance is enzymatic inactivation of the type B streptogramins, such as quinupristin, by a streptogramin B lyase, i.e., virginiamycin B lyase (Vgb). The enzyme catalyzes the linearization of the cyclic antibiotic via a cleavage that requires a divalent metal ion. Here, we present crystal structures of Vgb from S. aureus in its apoenzyme form and in complex with quinupristin and Mg 2؉ at 1.65-and 2.8-Å resolution, respectively. The fold of the enzyme is that of a seven-bladed ␤-propeller, although the sequence reveals no similarity to other known members of this structural family. Quinupristin binds to a large depression on the surface of the enzyme, where it predominantly forms van der Waals interactions. Validated by site-directed mutagenesis studies, a reaction mechanism is proposed in which the initial abstraction of a proton is facilitated by a Mg 2؉ -linked conjugated system. Analysis of the Vgb-quinupristin structure and comparison with the complex between quinupristin and its natural target, the 50S ribosomal subunit, reveals features that can be exploited for developing streptogramins that are impervious to Vgb-mediated resistance.
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antibiotic resistance ͉ enzyme mechanism ͉ crystal structure T he streptogramin antibiotic formulation Synercid received accelerated approval from the Food and Drug Administration in 1999 for the treatment of infections caused by Grampositive bacterial pathogens that are resistant to frontline antibiotics, including vancomycin (1) . Synercid is a combination of two semisynthetic chemically unrelated derivatives of the streptogramin class of antibiotics: a type A streptogramin (dalfopristin) and a type B streptogramin (quinupristin). Streptogramins are natural products produced by a number of bacteria including Streptomyces pristinaespiralis (pristinamycin) and Streptomyces virginiae (virginiamycin) (2) . These drugs block protein translation by binding to the P-site of the ribosome (type A streptogramin) and by occluding the entrance to the peptide exit tunnel (type B streptogramin). Binding of the type A streptogramin results in a conformational change in the ribosome that facilitates binding of the type B streptogramin (3) (4) (5) . It is this inhibitor-induced conformational change that forms the molecular basis of the synergistic antimicrobial activity that is the hallmark of this class of antibiotics.
Although Synercid was initially marketed specifically for the treatment of antibiotic-resistant bacteria, shortly after its approval by the Food and Drug Administration the antibiotic formulation faced its own challenges (6, 7) . Resistance to Synercid can occur through a number of routes, including drug efflux and methylation of the ribosome (8) . However, only two clinically relevant mechanisms of antibiotic inactivation have thus far been identified. Type A streptogramins are modified by a cadre of Vat enzymes that catalyze acetylation of the antibiotic (9, 10) , and type B streptogramins are inactivated by a ringopening lyase called virginiamycin B lyase (Vgb) (11) .
Vgb was first described in a clinical isolate of Staphylococcus aureus in 1977 (12) . It has since been identified on a number of resistance plasmids in various Gram-positive bacterial pathogens. Originally, Vgb was thought to be a hydrolase that was predicted to linearize type B streptogramins through cleavage of the thermodynamically vulnerable ester linkage between the carboxyl of the invariant phenylglycine group and the secondary alcohol of the threonyl moiety. Careful analysis of the reaction and reaction products however demonstrated that Vgb is a COO lyase that linearizes the antibiotic at the ester linkage, generating a free phenylglycine carboxylate and converting the threonyl moiety into 2-amino-butenoic acid. This process remarkably does not involve water but requires a divalent metal ion such as Mg 2ϩ (11) .
Orthologues of Vgb are found embedded in a number of bacterial genomes [supporting information (SI) Fig. 4 ], and purification of representatives from the soil bacterium Streptomyces coelicolor and Bordetella pertussis, which causes whooping cough, revealed that they also efficiently inactivate type B streptogramins with k cat /K m within 2-to 10-fold of the S. aureus enzyme (11) . The presence of these genes in bacterial genomes is unexpected and potentially problematic for the continued use of these antibiotics. In an effort to understand the molecular details of this mechanism, provide a basis for future effort to inhibit the enzyme, or design streptogramins that are not susceptible to its action, we have determined the crystal structure of Vgb in its apoenzyme state and in complex with quinupristin and Mg 2ϩ . Furthermore, supported by complementary sitedirected mutagenesis studies, we propose a novel catalytic mechanism for metal-assisted cleavage of a COO bond.
Results
Structure of Vgb Apoenzyme. The structure of Vgb from S. aureus in the apoenzyme state was determined in two different crystal forms: to a resolution of 1.65 and 1.9 Å, using a combination of multiwavelength anomalous dispersion and molecular replacement methods (Fig. 1) . The Vgb fold consists of seven nearly identical, highly twisted, four-stranded antiparallel ␤-sheets, arranged in a circular array. The resulting structure is that of a very regular seven-bladed ␤-propeller fold (e.g., refs. 13 and 14). The overall shape of the enzyme is akin to a doughnut with a diameter of 45 Å and a height of 30 Å, in which the hole is closed off by a ring of aromatic residues (Tyr-18, Tyr-102, Phe-145, and His-228), resulting in a depression of 15 Å wide and 8 Å deep on one side of the protein and a deep tunnel of Ϸ8 Å wide and 20 Å deep on the opposite face (Fig. 1B) . Henceforth we will refer to the side with the depression as the top face. Altogether, five crystallographically independent copies of the apoenzyme state were determined. Pairwise comparison between the five copies returns rmsd values of 0.4-0.7 Å (for all main-chain atoms), and no indication that certain blades are more mobile. On the other hand, four regions reveal variable positions in the models: the N terminus (residues 1-7), two loops (residues 11-15 and 264-268), and the C terminus (residues 292-299).
The symmetric nature of the fold is mirrored in the primary structure of Vgb, which has a 42-residue-long consensus sequence that repeats seven times. This intramolecular consensus sequence has a strictly conserved Trp followed by a semiconserved Phe located on strand B of the four-stranded antiparallel ␤-sheet near the bottom face and an strictly conserved Ile located on strand C. Intriguingly, this consensus sequence bares no resemblance to repeating motifs observed in other proteins that have a ␤-propeller architecture, such as the WD40 and Kelch repeats (13, 14) . For example, the Trp of the WD40 repeat is located on strand C, where in Vgb a Thr is predominantly positioned (SI Fig. 5 ). Therefore, Vgb represents an additional member of this diverse structural family.
Structure of Vgb in Complex with Quinupristin and Mg 2؉ . All attempts to obtain crystals of wild-type Vgb in complex with quinupristin (or analogs thereof), in the absence or presence of Mg 2ϩ failed and only resulted in apoenzyme crystals in the P2 1 2 1 2 1 space group. Site-directed mutagenesis studies targeting histidine residues that are conserved among Vgb orthologues identified two mutations that rendered the enzyme inactive, H228A and H270A (Table 1) . Furthermore, upon analysis of crystal contacts present in the apoenzyme crystal form, it was realized that residues 51-56 [PLPTPD] of a neighboring molecule persistently formed packing interactions in close proximity to His-228 and His-270, presumably obstructing the quinupristinbinding pocket (SI Fig. 6 ). Therefore, we pursued cocrystallizations with the H270A variant where residues 51-56, which are located in the loop connecting the first and second blade, on the top face of the enzyme, were additionally replaced by the sequence of the corresponding loop between blades three and four, residues 135-140 [ELPNKG] . Kinetic analysis indicated that the loop replacement by itself did not adversely affect the activity of Vgb ( Table 1) .
The crystal structure of the Vgb catalytically inactive H270A-loop variant in complex with quinupristin and Mg 2ϩ was determined by molecular replacement at 2.8-Å resolution. There are two Vgb molecules per asymmetric unit, providing two crystallographically independent views of the substrate-bound complex. The fold of the enzyme is essentially identical to that seen in the apoenzyme state (rmsd Ϸ0.7 Å for all main-chain atoms), indicating that the mutations have no impact on the overall structure. In the crystal structure the quinupristin molecule is located on the top face of the enzyme in close proximity to the mutated H270A where it completely fills the depression (Figs. 1B and 2 A and B). The antibiotic makes specific hydrogen-bond interactions with the side chains of residues Tyr-18 and His-228, which are conserved among Vgb orthologues, and also with the guanidinium group of Arg-226. Additionally there are numerous van der Waals interactions, which are likely responsible for most of the affinity between Vgb and quinupristin. Associated with quinupristin is a Mg 2ϩ ion that interacts via the two oxygen atoms of the 3-hydroxypicolinic acid moiety. The remaining interactions to the Mg 2ϩ ion are provided by two solvent molecules, and the conserved residues Glu-268 and Glu-284, which are stabilized by Trp-243 and His-33, respectively. In comparison to the apoenzyme state the side chains of Gln-160 and Tyr-142 move out of the way to allow for binding of the substrate, whereas Arg-226, Trp-243, Glu-268, and Glu-284 adopt conformations that enable favorable interactions.
During crystallization trials, it was noted that crystals of Vgb grown in the presence of quinupristin were of poorer quality than with Synercid, which contains both quinupristin and the structurally unrelated dalfopristin. The crystal structure of the substrate-bound complex reveals a dalfopristin molecule wedged between two Vgb molecules, aiding in crystal packing (SI Fig. 7 ). Because dalfopristin interacts with residues that are not conserved among Vgb orthologues, there is most likely no biological relevance to this observation. This idea is supported by kinetic studies that show that dalfopristin has no effect on Vgb lyase activity (data not shown).
Mutational Analysis of Vgb. To probe the molecular mechanism for the lyase reaction catalyzed by Vgb, three additional mutants of residues conserved among Vgb orthologues and that interact with either quinupristin or the associated Mg 2ϩ ion in the substrate-bound structure, were examined: Y18F, E268Q, and E284Q (Table 1) . Consistent with the observed interaction between Tyr-18 and quinupristin, the Y18F mutant has a 4-fold reduced affinity for the substrate. Additionally, all three mutants display compromised catalytic efficiency as indicated by significant (10-to 100-fold) reductions in k cat /K m values. These observations suggest that all five residues are involved in catalysis, with critical roles for His-228 and His-270 and ancillary roles for Tyr-18, Glu-268, and Glu-284.
Discussion
Catalytic Mechanism for Vgb. Crystal structures for the apoenzyme and substrate-bound complex, in combination with mutagenesis studies reported here, are consistent with the mechanism for the linearization of type B streptogramins catalyzed by Vgb shown in Fig. 2C . The substrate-bound complex structure reveals a network of catalytically important interactions between the enzyme, Mg 2ϩ , and quinupristin, involving the conserved residues (Tyr-18, His-228, Glu-268, and Glu-284). Mg 2ϩ is coordinated to the oxygen atoms of the conjugated 3-hydroxypicolinic acid group that flanks the C ␣ atom of the quinupristin-threonyl moiety. Because of the electron-withdrawing properties of Mg 2ϩ the threonyl ␣-proton is affected, resulting in a decrease of its pK a value. The lowering of the pK a for the ␣-proton is exacerbated by Tyr-18, which forms a hydrogen bond with a carbonyl group also immediately adjacent to the C ␣ atom. This hydrogen bond stabilizes the charged resonance structure of the peptide bond, thereby further weakening the C ␣ -H bond. Modeling of His-270 into the substrate-bound complex of the variant Vgb based on the apoenzyme structures reveals that the N 2 is within 4 Å of the quinupristin-threonyl C ␣ atom, with the correct geometry to function as a catalytic base. Hence, the predicted first step in the reaction mechanism for Vgb is deprotonation of quinupristin-threonyl C ␣ by His-270, facilitated by Mg 2ϩ and Tyr-18. The resultant negative charge on the C ␣ atom does not delocalize over an expanded conjugated system, presumably because the -orbitals for the 3-hydroxypicolinic acid moiety and the peptide bond are not oriented parallel to each other. Instead, in the second step of the reaction, a rearrangement of the electrons takes place, which results in double-bond formation between the C ␣ and C ␤ atoms of the threonyl moiety and breakage of the ester bond. This step requires the hydrogenbond interaction between His-228 and the quinupristinphenylglycine carbonyl group, which draws electrons away from the ester bond, thereby weakening it and facilitating breakage. Note that only a part of quinupristin is shown, the remainder is represented by R.
Upon completion of the reaction His-270 regenerates by donating its proton to either the carboxylic acid group of the leaving product or water. This proposed reaction mechanism rationalizes the requirement for a divalent cation (11) and the mutagenesis data for Tyr-18, Glu-268, and Glu-284, as these elements all serve to lower the pK a of the quinupristin-threonyl ␣-proton. Furthermore, the requirement of His-270 is readily explained, as it functions as the catalytic base in the proposed mechanism. Finally, the mutagenesis data for His-228 are clarified by this residue's critical role in ester bond breakage after deprotonation. The reaction catalyzed by Vgb classifies this enzyme as an intramolecular COO lyase. To date, structural studies of these enzymes have been sparse, the only other being muconatelactonizing enzymes (15) (16) (17) . Muconate-lactonzing enzymes catalyze reactions with similar chemistry to that of Vgb, but reactions proceed in the opposite direction (cyclization). Three structurally unrelated classes of muconate-lactonizing enzymes have been identified, where intriguingly one of these classes possesses the seven-bladed ␤-propeller fold (16) . Comparison between Vgb and muconate-lactonizing enzymes reveals that there are several common themes in the structural basis for how these enzyme catalyze their reactions, but also some surprising differences. As outlined above, the two main steps in the Vgb COO lyase reaction are deprotonation facilitated by lowering the pK a of the ␣-proton and double-bond formation accompanied by ester-bond breakage. In the muconate-lactonizing enzymes these same two steps are present, albeit in reverse order. Similar to the role of Tyr-18 in Vgb, all three classes of muconate-lactonizing enzymes lower the pK a of the proton to be abstracted through hydrogen-bond formation with an adjacent carbonyl group, although different residues are used (15) (16) (17) . One of the classes also uses a metal ion for decreasing the pK a of that proton (15) . However, remote action of the metal ion via a conjugated system and the weakening of the COH bond from two different sides are unique to Vgb. As to the identity of the catalytic base, Vgb is not exceptional in using a histidine as the ␤-propeller muconate-lactonizing enzyme also uses this residue (16) . In fact, the histidines are located in the same position on strand A, although on different blades. It should be noted that histidines frequently occur at that position within blades of ␤-propeller proteins (e.g., Protein Data Bank ID codes 1QBI, 1K8K, and 1AOF). As to the double-bond formation and bond breakage step, Vgb is different from the muconate-lactonizing enzymes, as these enzymes appear not to facilitate this step, presumably because of the difference in the nature of the substrates.
The substrate spectrum for Vgb from S. aureus has not yet been extensively examined; however, the manner in which quinupristin is bound to the enzyme can readily explain how Vgb most likely linearizes many naturally occurring type B streptogramins and the clinically relevant semisynthetic variants thereof. The vast majority of type B streptogramins, which include all of those that are medically important, are cyclic hexa-depsipeptides. For these streptogramins there are four known variable sites, of which the group adjacent to phenylglycyl (the 4-oxo pipecolic acid derivative group in quinupristin) displays the most functionalization (18) . In the substrate-bound complex structure, these four sites are either pointing into the solvent and are not involved in interactions with the enzyme or are located near the rim of the depression such that alterations can be easily accommodated without compromising affinity or affecting the enzymes ability to break the ester bond between the invariant phenylglycyl and threonyl moieties. For the nonhexadepsipeptide type B streptogramins (e.g., the hepta-depsipeptide antibiotic etamycin), Bateman et al. (19) have shown that a Vgb from Streptomyces lividans is capable of detoxifying these antibiotics.
Antibiotic Binding by Vgb and the Ribosome. The crystal structure of the bacterial 50S ribosomal subunit in complex with quinupristin at 2.9-Å resolution has provided a detailed view of the mechanism of action for type B streptogramin antibiotics (4) . The structural data presented here reveal the enzymatic mechanisms by which resistant bacteria are able to counteract the effects of type B streptogramins and provide the valuable opportunity to examine and compare the features of antibiotic binding by both the natural target and the resistance factor.
When comparing the binding of quinupristin to Vgb versus the 50S ribosomal subunit, the first comment to be made is that the conformation of the drug is essentially identical in both environments (Fig. 3) . This finding is not surprising as type B streptogramins are effectively rigid molecules, because of an intramolecular hydrogen bond that constrains the conformation of the cyclic structure. In both the ribosome and the resistance factor, quinupristin forms extensive interactions with its partner, i.e., Ͼ60% of its surface becomes buried upon binding. When examining the nature of these interactions, van der Waals forces are identified as the predominant contributor. The quinupristin moieties involved in these van der Waals interactions are similar, but not identical, between Vgb and the 50S ribosomal subunit, with two noteworthy exceptions being the p-dimethylaminophenylalaninyl group and the 4-oxo pipecolic acid derivative that only show significant interactions in the ribosome and Vgb, respectively (Fig. 3) . Surprisingly, hydrogen-bond interactions play only a minor role in antibiotic binding. Quinupristin has a total of 11 hydrogen-bond acceptor/donor groups that can potentially participate in interactions with other biological macromolecules. However, Vgb exploits merely three of these groups for hydrogen-bond interactions, whereas the ribosome only uses two hydrogen-bond acceptor/donor groups. It is noteworthy that Vgb and the 50S ribosomal subunit use different groups on quinupristin for hydrogen-bond interactions, which is unlike what has been observed for aminoglycoside antibiotics where the antibiotic resistance factor APH(3Ј)-IIIa closely mimics the hydrogen-bond interactions of the ribosome for drug interactions (20) . Finally, an important contact observed in the ribosome is a stacking interaction between A2103 of the 23S rRNA and the 3-hydroxypicolinic acid moiety. In Vgb, this contact is partially mimicked by Trp-243; however, here the two aromatic ring systems are not coplanar, thus preventinginteractions.
The catalytically important Mg 2ϩ ion, which is coordinated by quinupristin in the substrate-bound Vgb complex, is also present in the 2.9-Å resolution structure of the 50S ribosomal subunit (4). In the ribosome structure, Mg 2ϩ is similarly coordinated to the 3-hydroxypicolinic acid moiety, but the remaining four ligands are provided by solvent molecules. In retrospect, the similarities in Mg 2ϩ coordination are not surprising as type B streptogramins can chelate divalent metal ions. Also, the Mg 2ϩ mode of binding involving the 3-hydroxypicolinic acid moiety had been correctly predicted based on spectroscopic analyses more than a decade ago (21) . However, what is surprising is that the intrinsic chelating properties of type B streptogramins make these antibiotics inherently susceptible to enzymatic degradation as the metal ion weakens the threonyl C ␣ -H bond.
Implications for Strategies to Circumvent Vgb Resistance. The structure of Vgb and the elucidation of its mechanism of streptogramin B inactivation can be exploited for developing strategies to counteract antibiotic resistance. In principle, two avenues are available to overcome bacterial resistance to streptogramins mediated by Vgb: inhibition of the enzyme or alteration of the antibiotic so as to prevent degradation (22) . Our initial attempts to develop inhibitors of Vgb, in the absence of structural data, by exploiting a minimal substrate in which the ester bond to be broken was altered into an isosteric amide bond, failed (23) . Examination of the Vgb structure suggests that development of a Vgb inhibitor may indeed not be trivial. The reason for this is that binding is predominantly mediated through weak van der Waals interactions, mandating an inhibitor with a large surface area (e.g., Ͻ800 Å 2 ), which implies a molecular weight of Ͼ600 Da. Possibly a more viable strategy for circumventing resistance mediated by Vgb is altering type B streptogramins so as to reduce the affinity to Vgb without affecting binding to the ribosome. There is a rich literature on the synthesis of type B streptogramin variants using diverse strategies including synthetic (24) , semisynthetic (25) , chemoenzymatic (23, 26) , and solid-phase synthesis approaches (27) . The analysis presented here on the similarities and differences between the binding of quinupristin to Vgb vs. the natural target can guide which alterations may reduce the drugs' susceptibility to bacterial resistance. Specifically, moieties of quinupristin that interact with the floor of the depression on Vgb are prime targets for modification, as these could abrogate Vgb degradation while not increasing susceptibility to other mechanisms of resistance such as ribosomal methylation.
Materials and Methods
Mutagenesis and Protein Production. Construction of the expression system for Vgb has been reported (11) . Site-directed mutants of Vgb were prepared by using the QuikChange method (Stratagene, La Jolla, CA). Positive clones were sequenced at the Central Facility of the Institute for Molecular Biology and Biotechnology, McMaster University. Protein production and purification for wild-type and mutant proteins followed procedures very similar to those described in ref. 11 . For selenomethionyl-substituted Vgb the protein production was modified by using M9 media with L-selenomethionine, L-lysine, L-threonine, and L-phenylalanine and supplementing buffers with 10 mM DTT. Protein purity was assessed by silver-stained SDS/PAGE, and for selenomethionyl-substituted protein selenium incorporation was assessed by mass spectrometry.
Crystallization and X-Ray Data Collection. Protein at a concentration of 10-20 mg/ml in 50 mM Hepes buffer (pH 7.5) was used for crystallization experiments. Crystals for selenomethionylsubstituted Vgb (Vgb Se-Met ) were obtained by sitting drop vapor diffusion against a reservoir containing 100 mM phosphate citrate buffer (pH 4.2), 15% PEG 8000, 10-17% PEG 500MME, and 175 mM NaCl. Crystals of wild-type Vgb (Vgb WT ) were obtained by hanging drop vapor diffusion against a reservoir containing 50 mM acetate buffer (pH 4.6) and 25% PEG4000. In addition, the protein solution could contain 3 mM MgCl and/or 3 mM quinupristin (or analogs thereof), without impacting crystallization. For obtaining crystals of Vgb in the presence of substrate and Mg 2ϩ , the inactive Vgb variant H270A, further modified by a loop alteration (51-56 PLPTPD to ELPNKG) was used (Vgb IϩL ). The protein solution was supplemented with Synercid (3 mM dalfopristin and 1 mM quinupristin; a gift from Aventis, Bridgewater, NJ), and 3 mM MgCl 2 dissolved in ethanol with a final concentration of 4.4% ethanol. Crystals for substrate-bound Vgb IϩL (Vgb IϩL ⅐quin⅐Mg 2ϩ ) were grown by hanging drop vapor diffusion using as reservoir solution 100 mM MES buffer (pH 6.5) and 20% PEG 10000.
X-ray diffraction data for Vgb Se-Met (three wavelengths) and Vgb WT crystals were collected on the X8C beamline at the National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY. Diffraction data for Vgb IϩL ⅐quin⅐Mg 2ϩ were collected by using a rotating Cu anode generator (Rigaku, Tokyo) augmented with confocal optics (Osmic, Tokyo) and a R-Axis IVϩϩ image plate detector system (Rigaku). All data were measured under cryogenic conditions and processed with HKL2000 software (28) ( Table 2 and SI Table 3 ).
Structure Determination and Refinement. Analysis of the Vgb Se-Met diffraction data, using the SnB package, allowed for the identification of four selenium sites, because Met-1 and Met-298 Data in parentheses represent the outermost shell. *Statistics are shown for the data set used in refinement (SI Table 3 ).
proved to be disordered (29) . However, as these selenium sites were located in a single plane perpendicular to the unique axis in the C 2 space group, derived protein phases were of exceptionally poor quality. Nonetheless, in combination with density modification techniques, a low-resolution electron density map could be constructed that strongly suggested that Vgb possessed a seven-bladed ␤-propeller topology. Five homologous superposed seven-bladed ␤-propeller structures (Protein Data Bank ID codes 1JJU, 1ERJ, 1GXR, 1K8K, and 1CUR) were positioned in the low-resolution electron density map, and their positions and orientations were improved by using a sixdimensional search with BEAST (30) . Note that conventional molecular replacement approaches proved ineffective. By subsequently combining the phases derived from multiwavelength anomalous diffraction and the ''restricted'' molecular replacement approach, an electron density map was calculated in which most of the Vgb structure could be built. The structure was completed by using alternate cycles of reciprocal space refinement and manual model building. The structures for the Vgb WT and Vgb IϩL ⅐quin⅐Mg 2ϩ were determined by molecular replacement using the program PHASER (31) and the Vgb Se-Met structure as a search model. Refinement for all structures was predominantly performed in CNS (32) with the final cycles performed in REFMAC5 (33) , and model building was done in PYMOL (34) , COOT (35) , and O (36) ( Table 2 ). Note that for the Vgb WT crystals density corresponding to Mg 2ϩ and/or quinupristin (or analogs thereof) present in the crystallization solutions could never be seen, and this structure is therefore identified as apoenzyme.
Enzyme Assay. Linearization of quinupristin was monitored by measuring the decrease in fluorescence, resulting from the 3-hydroxypicolinic acid moiety (excitation max at 344 nm and emission max at 420 nm), using a SpectraMax Gemini Plate Reader (Molecular Devices, Sunnyvale, CA), with 96-well flatbottom polystyrene microtiter plates (fluorescence compatible). Reactions contained quinupristin, 1 mM MgCl 2 , and 50 mM Hepes (pH 7.5) and were performed in a final volume of 100 l. Initial rates were fit to the equation: v ϭ V max S/(K m ϩ S). Note, this assay provides greater sensitivity and dynamic range than a previously published absorbance assay (11) . Reaction products were analyzed by mass spectrometry to confirm that active Vgb mutants catalyzed the same lyase reaction as Vgb WT . 
